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The Proportional Integral Notch and Coleman
Blade Effective Wind Speed Estimators

and Their Similarities
Yichao Liu , Atindriyo K. Pamososuryo , Sebastiaan P. Mulders ,

Riccardo M. G. Ferrari , Member, IEEE , and Jan-Willem van Wingerden , Senior Member, IEEE

Abstract—The estimation of the rotor effective wind
speed is used in modern wind turbines to provide advanced
power and load control capabilities. However, with the ever
increasing rotor sizes, the wind field over the rotor surface
shows a higher degree of spatial variation. A single effec-
tive wind speed estimation therefore limits the attainable
levels of load mitigation, and the estimation of the blade
effective wind speed (BEWS) might present opportunities
for improved load control. This letter introduces two novel
BEWS estimator approaches: a proportional-integral-notch
(PIN) estimator based on individual blade load measure-
ments, and a Coleman estimator targeting the estimation
in the nonrotating frame. Given the seeming disparities
between these two estimators, the objective of this letter
is to analyze the similarities between the approaches. It is
shown that the PIN estimator, which is equivalent to the
diagonal form of the Coleman estimator, is a simple but
effective method to estimate the BEWS. The Coleman esti-
mator, which takes the coupling effects between individual
blades into account, shows a more well-behaved transient
response than the PIN estimator.

Index Terms—Blade effective wind speed estimation,
estimator, wind turbine, Coleman transformation.

I. INTRODUCTION

OVER the past decade, wind energy has grown expo-
nentially in the global energy mix, benefiting from

scientific advancement, reduced costs and governments’ sub-
sidy schemes. The Global Wind Energy Council (GWEC)
reported that more than 90 GW of new wind power was
deployed in 2020 [1], exhibiting a global growth of 53 % com-
pared to 2019. This growth is partially driven by the fact
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that the physical dimensions of wind turbines dramatically
increased, which resulted in a rising demand for optimization
of wind turbine control systems.

For larger turbines, the wind inflow conditions over the rotor
area demonstrate a high degree of spatial variability. As a
result, the need for more accurate and granular wind speed
information is becoming ever more prominent for the design
of effective control algorithms. The wind speed measurement
from the conventional anemometer – located downwind of
the rotor at the back of the nacelle – is generally omitted in
the control system, as it is a single point-wise measurement
disturbed by rotor induction [2]. Therefore, a wind sensing
technique providing an estimate of the effective wind inflow
conditions by leveraging the wind turbine rotor as a general-
ized anemometer, is considered as a viable solution to address
this challenge.

Wind sensing techniques are based on the idea that wind
state changes are reflected by prior turbine knowledge, real-
time measurements and control signals. For instance, the
widely-used Immersion and Invariance (I&I) estimator [3], [4]
exploits prior knowledge on the (aerodynamic) turbine prop-
erties, combined with an angular speed measurement and the
applied generator torque control signal to estimate the rotor
effective wind speed (REWS).

The previously mentioned method still returns a single
point-wise estimate of the effective wind speed across the
rotor disc. The increasingly common usage of load sensors
on wind turbines however, forms an opportunity for more
advanced wind speed estimation solutions. Such advanced
estimation schemes facilitate feedforward(-feedback) control
configurations [5], [6], advanced wind turbine control [7]
and wake impingement detection [8], [9]. Bottasso et al. [8]
developed a load-sensing approach to estimate the REWS,
where several wind characteristics are estimated (e.g., wind
shear and yaw misalignment). Liu et al. [9] proposed a sub-
space predictive repetitive estimator (SPRE) to identify the
periodic wind flow on an individual blade, while also pro-
viding approximations on wind shear and wake impingement
based on blade load measurements. Although the algorithm
has proven to be very effective, the SPRE approach introduces
significant delays in the blade effective wind speed (BEWS)
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estimation, thus making it less suitable for closed-loop
control.

In this letter, two novel load-sensing approaches to estimate
the periodic wind flow on an individual blade are proposed.
The first method is called proportional-integral-notch (PIN)
estimator, in which an azimuth-dependent cone coefficient is
defined to reflect the one-to-one relation between the wind
speeds and the blade loads. It is also assumed that the periodic
wind speed on an individual blade is a superposition of REWS
and zero-mean BEWS acting on the rotating frequencies. The
proportional-integral component of the estimator is used to
estimate the REWS component at the nonrotating frequency,
while the gain-scheduled notch is added to identify the zero-
mean BEWS component at higher frequencies. The second
approach employs the Coleman transformation to translate
blade load signals from the rotating frame into the fixed frame.
This transformation is often used in individual pitch control
(IPC) implementations for blade fatigue load reductions [10].
The Coleman estimation technique shows resemblance with
the PIN estimator, making it compelling to understand the
similarities of both schemes in terms of their structure and
performance. To this end, as a core contribution of this letter,
a frequency-domain analysis has been performed to understand
the similarities under varying wind conditions.

This letter provides the following contributions:
1) Proposing a novel PIN estimator to estimate the BEWS

for wind turbines.
2) Accounting for the coupled blade dynamics by develop-

ing a new Coleman estimator.
3) Showcasing the similarities between the PIN and the

Coleman estimators via theoretical analyses and numer-
ical simulations.

The remainder of this letter is organized as follows: Section II
introduces the wind turbine model considered in this letter and
the azimuth-dependent cone coefficient used by the proposed
wind speed estimators. Section III theoretically formalizes the
estimation techniques and demonstrates the similarities of both
schemes. In Section IV, high-fidelity wind turbine simulations
are carried out to demonstrate the estimators’ performance and
to verify the theoretical results. Finally, conclusions are drawn
in Section V.

II. WIND TURBINE MODEL AND ITS CONE COEFFICIENT

This section introduces the wind turbine model and the
azimuth-dependent cone coefficient [8] which are used to
establish the wind speed estimation schemes. For a horizontal
axis wind turbine, the azimuth-dependent cone coefficient is
defined as:

Cm,i(λi, qi, ψi) := mi(λi, qi, ψi)

1
2ρARU2

i

, (1)

where ρ is the air density, A the rotor swept area, and Ui

represents the BEWS. The blade effective dynamic pressure is
given by:

qi := 1

2
ρU2

i . (2)

Fig. 1. Azimuth-dependent cone coefficient surface Cm,1 of the
NREL 5-MW wind turbine model, obtained by steady-state simulations
with a uniform constant wind speed of 8 m/s.

The measured out-of-plane blade root bending moment
(MOoP) is denoted by mi, which is – amongst other vari-
ables – a function of the azimuth angle ψi = ψ+2π(i−1)/3,
where i = {1, 2, 3} is the blade index for a three-bladed wind
turbine and ψ the azimuth angle of the first blade. The cone
coefficient is represented by Cm,i and depends on the azimuth
position of blade i. Here, Cm,i is a nonlinear function of the
tip-speed ratio

λi := ωrR

Ui
, (3)

where ωr and R are the rotor speed and the rotor radius, respec-
tively. The shape of the Cm,i surface is determined by the
structural design of the wind turbine, and is typically derived
via either high-fidelity numerical simulations or experimen-
tal tests. Note that Cm,i is also a function of the blade pitch
angle [9]. However, without loss of generality, the pitch angle
is assumed to be constant throughout this letter. The cone coef-
ficient can be extended for varying pitch angles by including
an additional dependency on that parameter.

The wind turbine model considered in this letter is the
National Renewable Energy Laboratory (NREL) 5-MW ref-
erence wind turbine [11]. Its Cm,1 curve is shown in Fig. 1
for illustration purposes, which is obtained from steady-state
wind turbine simulations, in which the turbine is subjected to
a uniform wind condition with a constant velocity of 8 m/s.

Once the cone coefficient is derived for each blade and over
the operating conditions of interests, Eq. (1) can be used to
estimate the MOoP according to Ûi as:

m̂i(λi, qi, ψi) = 1

2
ρARÛ2

i Cm,i(λi, qi, ψi). (4)

Based on the wind turbine model and its azimuth-dependent
cone coefficient, the BEWS estimator problem is formalized
in Section III.

III. BLADE EFFECTIVE WIND SPEED ESTIMATOR

First, the following assumptions are formulated for the wind
speed estimation problem.
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Assumption 1: The blade effective wind speeds for an indi-
vidual blade Ui and for the rotor disk Ū are regarded as
positive and unknown signals.

Assumption 2: The signals mi and ωr are assumed to be
measured. The wind turbine operates at a constant rotor speed,
i.e., ω̇r(t) = 0.

The wind speed estimation problem solved in this letter is
thus formulated as:

Problem 1: Given the nonlinear relation (4) for estima-
tion of the MOoP, find estimates for Ûi(t) (BEWS) and ˆ̄U(t)
(REWS).

The following subsections outline two wind speed estima-
tion techniques. The last subsection concludes by performing
a similarity analysis.

A. Proportional-Integral-Notch Estimator

In our previous work [4], the widely-used I&I estimator was
revisited by extending the proportional-only structure with an
integral correction term. Inspired by the extended I&I esti-
mator which returns an estimate of the REWS, this letter
proposes a novel wind speed estimator called the proportional-
integral-notch (PIN) estimator to estimate the BEWS. The
frequency content of the wind speed experienced by each blade
is composed of specific harmonics that are related to (integer
multiples of) the rotor rotational frequency, often denoted as
nP. This is due to, e.g., the wind shear and tower shadow.
The BEWS can thus be estimated by amplifying those spe-
cific frequencies via a feedback control structure. Therefore,
the periodic wind speed over an individual blade i can be
estimated as{

εi = mi − m̂i

(
ωr, Ûi, q̂i, ψi

)
Ûi(s) = K(s)εi(s) = (

kpKN(s)+ ki/s
)
εi,

(5)

where {kp, ki} ∈ R
+ are the proportional and integral gains.

The error between the estimated and measured MOoP is indi-
cated by εi. The notch transfer function KN(s) is scheduled by
the rotor speed ωr and is defined as:

KN(s) = 2ωrs

s2 + ω2
r
. (6)

As a result, the PIN estimator transfer matrix CPIN(s, ωr) is
formulated as:⎡

⎣Û1(s)
Û2(s)
Û3(s)

⎤
⎦ :=

⎡
⎣K(s) 0 0

0 K(s) 0
0 0 K(s)

⎤
⎦

︸ ︷︷ ︸
CPIN(s,ωr)

⎡
⎣ε1(s)
ε2(s)
ε3(s)

⎤
⎦. (7)

From Eq. (7), it is evident that a diagonal and decoupled
BEWS estimator K(s) solely responds to its local blade load
measurements as depicted in Fig. 2(a). However, it is well
known that there exists a significant amount of dynamic cou-
pling between the blades of a turbine rotor [10], that is, the
coupling is present between the wind speed Ûi(s) and the
blade load mj(s) for i �= j. The PIN estimator CPIN(s, ωr)

is diagonal and thus the off-diagonal terms are nonexistent,
which implies that the proposed estimator is unable to take
the coupling effects between blades into account.

Fig. 2. Block diagram of the BEWS estimators formed by a negative
feedback interconnection of a linear estimator and a nonlinear azimuth-
dependent cone coefficient. (a) PIN estimator, (b) Coleman estimator.

The lack of information on the coupled blade dynamics
will degrade the performance of the wind speed estimator,
as will become apparent during the numerical simulations in
Section IV. To cope with the problem of unmodeled dynam-
ics, we propose a second estimation technique which employs
the Coleman transformation in a similar estimation framework.
This will be outlined in the next subsection. Afterwards, the
resemblances between and differences of both estimators are
discussed.

B. Coleman Estimator

The Coleman transformation [12] is an important technique
to convert rotating wind turbine dynamics into a nonrotat-
ing reference frame. By replacing the diagonal part of the
PIN estimator with the forward and inverse Coleman transfor-
mations and by including a diagonal integral transfer matrix,
the so-called Coleman estimator is formulated as shown in
Fig. 2(b).

The forward Coleman transformation used in the estimator
is defined as follows:⎡
⎣ εcol
εtilt
εyaw

⎤
⎦ := 2

3

⎡
⎣ 1/2 1/2 1/2

cos (ψ1) cos (ψ2) cos (ψ3)

sin (ψ1) sin (ψ2) sin (ψ3)

⎤
⎦

︸ ︷︷ ︸
Tcm(ψ(t))

⎡
⎣ε1
ε2
ε3

⎤
⎦, (8)

where εtilt and εyaw are the error signals of the estimated and
projected MOoP in tilt and yaw directions, respectively, while
εcol indicates that of the collective MOoP estimation.

With the following transfer function matrix – composed out
of pure integrals in a diagonal structure – the quantities above

Authorized licensed use limited to: TU Delft Library. Downloaded on January 19,2022 at 14:34:55 UTC from IEEE Xplore.  Restrictions apply. 
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are mapped to the estimated collective, tilt and yaw wind speed
components in the nonrotating frame:⎡

⎣ Ûcol

Ûtilt

Ûyaw

⎤
⎦ :=

⎡
⎣Kcol/s 0 0

0 K0/s 0
0 0 K0/s

⎤
⎦

︸ ︷︷ ︸
Ccm(s)

⎡
⎣ εcol
εtilt
εyaw

⎤
⎦, (9)

where Kcol is the integral gain for estimating the collective
component of the wind speed. As will be shown later, the equal
gain K0 for both the tilt and yaw referred wind speeds, is a
necessary condition. Finally, the signals are projected back into
the rotating frame to obtain BEWS with the inverse Coleman
transformation⎡

⎣Û1

Û2

Û3

⎤
⎦ :=

⎡
⎣1 cos (ψ1) sin (ψ1)

1 cos (ψ2) sin (ψ2)

1 cos (ψ3) sin (ψ3)

⎤
⎦

︸ ︷︷ ︸
T inv

cm (ψ(t))

⎡
⎣ Ûcol

Ûtilt

Ûyaw

⎤
⎦. (10)

C. Similarities Between the PIN and the Coleman
Estimators

Given the two seeming dissimilar BEWS estimators, it
is compelling to attempt to understand their similarities. To
achieve this goal, the Toeplitz matrix of the Coleman estimator
gain is first derived in Proposition 1.

Proposition 1: Let us consider the wind turbine operating at
a constant rotor speed, that is, ω̇r(t) = 0. The Coleman estima-
tor gain Ccol consisting of Eqs. (8), (9) and (10) is equivalent
to the following Toeplitz matrix:

Ccol(s, ωr) :=
⎡
⎣KR,a(s) KR,b(s) KR,c(s)

KR,c(s) KR,a(s) KR,b(s)
KR,b(s) KR,c(s) KR,a(s)

⎤
⎦, (11)

where the subscript ‘R’ indicates the rotating reference frame,
and the transfer functions KR,a, KR,b and KR,c are defined as:

KR,a(s) := (2K0 + Kcol)s2 + Kcolω
2
r

3s(s2 + ω2
r )

,

KR,b(s) := (Kcol − K0)s2 + (K0
√

3ωr)s + Kcolω
2
r

3s(s2 + ω2
r )

,

KR,c(s) := (Kcol − K0)s2 − (K0
√

3ωr)s + Kcolω
2
r

3s(s2 + ω2
r )

.

Proof: Given the constant ωr, the transfer function between
Ûcol,tilt,yaw(s) and Û1,2,3(s) is then formulated as:⎡

⎣Û1(s)
Û2(s)
Û3(s)

⎤
⎦ = CT−

⎡
⎣ Ûcol(s − jωr)

Ûtilt(s − jωr)

Ûyaw(s − jωr)

⎤
⎦ + CT+

⎡
⎣ Ûcol(s + jωr)

Ûtilt(s + jωr)

Ûyaw(s + jωr)

⎤
⎦ + CT

col

⎡
⎣ Ûcol(s)

Ûtilt(s)
Ûyaw(s)

⎤
⎦, (12)

where

C− = 1

2

⎡
⎣0 0 0

0 1 j
0 −j 1

⎤
⎦

⎡
⎣ 0 0 0

cos (0) cos ( 2π
3 ) cos ( 4π

3 )

sin (0) sin ( 2π
3 ) sin ( 4π

3 )

⎤
⎦,

C+ = 1

2

⎡
⎣0 0 0

0 1 −j
0 j 1

⎤
⎦

⎡
⎣ 0 0 0

cos (0) cos ( 2π
3 ) cos ( 4π

3 )

sin (0) sin ( 2π
3 ) sin ( 4π

3 )

⎤
⎦,

and

Ccol =
⎡
⎣1 1 1

0 0 0
0 0 0

⎤
⎦,

with j = √−1 being the imaginary unit. Given the diagonal
integral form of Eq. (9), the frequency-shifted transfer function
is derived as:⎡

⎣ Ûcol(s − jωr)

Ûtilt(s − jωr)

Ûyaw(s − jωr)

⎤
⎦ = Ccm(s − jωr)

⎡
⎣ εcol(s − jωr)

εtilt(s − jωr)

εyaw(s − jωr)

⎤
⎦, (13)

and⎡
⎣ Ûcol(s + jωr)

Ûtilt(s + jωr)

Ûyaw(s + jωr)

⎤
⎦ = Ccm(s + jωr)

⎡
⎣ εcol(s + jωr)

εtilt(s + jωr)

εyaw(s + jωr)

⎤
⎦. (14)

Combining Eqs. (13) and (14), Eq. (12) is rewritten as:⎡
⎢⎣Û1(s)

Û2(s)

Û3(s)

⎤
⎥⎦ = CT−Ccm(s − jωr)

⎡
⎢⎣ εcol(s − jωr)

εtilt(s − jωr)

εyaw(s − jωr)

⎤
⎥⎦

+ CT+Ccm(s + jωr)

⎡
⎢⎣ εcol(s + jωr)

εtilt(s + jωr)

εyaw(s + jωr)

⎤
⎥⎦ + CT

colCcm(s)

⎡
⎢⎣ εcol(s)

εtilt(s)

εyaw(s)

⎤
⎥⎦. (15)

In addition, the Coleman transformed expressions of ε1,2,3
are formulated in the frequency domain as:⎡
⎣ εcol(s)
εtilt(s)
εyaw(s)

⎤
⎦ = 2

3
C−

⎡
⎣ε1(s − jωr)

ε2(s − jωr)

ε3(s − jωr)

⎤
⎦

+ 2

3
C+

⎡
⎣ε1(s + jωr)

ε2(s + jωr)

ε3(s + jωr)

⎤
⎦ + 1

3
Ccol

⎡
⎣ε1(s)
ε2(s)
ε3(s)

⎤
⎦. (16)

Now, substituting Eq. (16) into Eq. (15) yields
⎡
⎢⎢⎣

Û1(s)

Û2(s)

Û3(s)

⎤
⎥⎥⎦ = CT−Ccm(s − jωr)

×

⎛
⎜⎜⎝ 2

3
C−

⎡
⎢⎢⎣
ε1(s − 2jωr)

ε2(s − 2jωr)

ε3(s − 2jωr)

⎤
⎥⎥⎦ + 2

3
C+

⎡
⎢⎢⎣
ε1(s)

ε2(s)

ε3(s)

⎤
⎥⎥⎦ + 1

3
Ccol

⎡
⎢⎢⎣
ε1(s − jωr)

ε2(s − jωr)

ε3(s − jωr)

⎤
⎥⎥⎦

⎞
⎟⎟⎠

+ CT+Ccm(s + jωr)

⎛
⎜⎜⎝ 2

3
C−

⎡
⎢⎢⎣
ε1(s)

ε2(s)

ε3(s)

⎤
⎥⎥⎦ + 2

3
C+

⎡
⎢⎢⎣
ε1(s + 2jωr)

ε2(s + 2jωr)

ε3(s + 2jωr)

⎤
⎥⎥⎦

+ 1

3
Ccol

⎡
⎢⎢⎣
ε1(s + jωr)

ε2(s + jωr)

ε3(s + jωr)

⎤
⎥⎥⎦

⎞
⎟⎟⎠

+ CT
colCcm(s)

⎛
⎜⎜⎝2

3
C−

⎡
⎢⎢⎣

Û1(s − jωr)

Û2(s − jωr)

Û3(s − jωr)

⎤
⎥⎥⎦ + 2

3
C+

⎡
⎢⎢⎣
ε1(s + jωr)

ε2(s + jωr)

ε3(s + jωr)

⎤
⎥⎥⎦ + 1

3
Ccol

⎡
⎢⎢⎣
ε1(s)

ε2(s)

ε3(s)

⎤
⎥⎥⎦

⎞
⎟⎟⎠.

(17)
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Fig. 3. Bode magnitude plots of the Coleman estimator defined by the
transfer function matrix in Eq. (11), where 1P frequency is assumed as
constant, which is indicated by a red vertical line.

Given an equal gain K0 for the tilt and yaw wind speed esti-
mate contributions in Eq. (9), Eq. (17) can be simplified by
the remarkable property:

CT−C− = CT+C+ = CT−Ccol = CT+Ccol = CT
colC− = CT

colC+ = 0,

giving rise to the following equation:⎡
⎣Û1(s)

Û2(s)
Û3(s)

⎤
⎦ =

(
2

3
CT−Ccm(s − jωr)C+ + 2

3
CT+Ccm(s + jωr)C−

+ 1

3
CT

colCcm(s)Ccol

)⎡
⎣ε1(s)
ε2(s)
ε3(s)

⎤
⎦, (18)

which results in the Toeplitz matrix of the proposed Coleman
estimator and completes the proof.

Bode magnitude plots of the transfer function matrix
Ccol(s, ωr) are illustrated in Fig. 3, where ωr = 2π fr with
fr = 0.2 Hz refers to a constant once-per-revolution (1P)
angular frequency of the considered wind turbine model.

The similarities between the PIN estimator (Eq. (7)) and the
Coleman estimator (Eq. (11)) are now further illustrated in the
frequency domain.

Theorem 1: Consider the wind turbine operating at a con-
stant rotor speed, that is, ω̇r(t) = 0. Given the nonlinear
and azimuth-dependent cone coefficient of Eq. (1), CPIN(s, ωr)

defined in Eq. (7) is equivalent to a diagonal structure of
Ccol(s) in Eq. (11) only including KR,a(s), where

ki = Kcol

3
, kp = K0

3ωr
. (19)

Proof: To prove Theorem 1, the equality K(s) = KR,a(s)
needs to hold under the conditions of Eq. (19). It is known
from Eqs. (5) and (6) that

K(s) = kp
2ωrs

s2 + ω2
r

+ ki

s
(20)

= kps

s

2ωrs

s2 + ω2
r

+ ki

s

s2 + ω2
r

s2 + ω2
r

(21)

Fig. 4. Time traces of the wind speed and the estimation error on
blade 1 between the PIN and the Coleman estimators under the step-
wise sheared wind condition. Blades 2-3 show similar results and hence
omitted.

= (2kpωr + ki)s2 + kiω
2
r

s(s2 + ω2
r )

. (22)

Given condition (19), it is evident that Eq. (22) is equal to
KR,a in (11) which proves that the PIN estimator is equivalent
to a particular diagonal structure of the Coleman estimator.

IV. CASE STUDY

This section performs a case study to verify the theoretical
analysis and to demonstrate the similarities between the PIN
and the Coleman estimators.

NREL’s high-fidelity wind turbine simulation software
package Fatigue, Aerodynamics, Structures, and Turbulence
(FAST) [13] is utilized to simulate the wind turbine dynam-
ics. The closed-loop control system including both wind speed
estimator types is implemented in Simulink. The baseline
K-omega-squared torque control law [11], with a predefined
optimal mode gain, is used in this letter. To evaluate the
performance of the estimators, a sheared wind profile with
a step-wise increasing wind speed from 8 m/s to 10 m/s and a
turbulent wind flow with an ambient wind speed of 8 m/s and
turbulence intensity of 15 % are considered. The simulation
time step is set to 0.01 s.

The estimation results of the PIN and Coleman estima-
tors are presented in Figs. 4–5, where the BEWS, the REWS
and the estimation error of the blade loads are illustrated
successively for comparisons. The proposed estimators show
similar results for both step-wise sheared and turbulent wind
conditions, which substantiates Theorem 1. The power spec-
tra of the estimated step-wise sheared wind speed calculated
for 200 s – 400 s are presented in Fig. 6. The spectrum of
the actual rotor effective wind speed computed by FAST is
included as a reference and benchmark to evaluate the esti-
mator performance. The Coleman and PIN estimators show
almost consistent performance for the dominant 1P harmonic.
For the other frequencies, the power spectrum of the Coleman
estimator is closer to the reference value. This indicates that,
compared to the PIN estimator, the Coleman estimator has a
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Fig. 5. Time traces of the wind speed and the estimation error on blade
1 between the PIN and the Coleman estimators under the turbulent wind
condition. Blades 2-3 show similar results and are omitted.

Fig. 6. Simulation results on the NREL 5MW wind turbine under step-
wise sheared wind conditions. The power spectrum of the wind speed on
blade 1 illustrates the performance similarities between the PIN and the
Coleman estimators. Blades 2-3 show similar results and hence omitted.

superior estimation quality for non-1P frequencies. In addition,
it is evident that the Coleman estimator shows less oscilla-
tions during transients than the PIN estimator, which leads to
a smoother and faster tracking of the actual wind speed. Such
a smoother transient response is explained by Eq. (11), as the
MIMO transmission zeros are canceled in this full transfer
function matrix form. The power spectrum under the turbulent
wind condition shows similar results, and is hence omitted for
brevity.

In summary, both wind speed estimators show similar
performance for the considered step-wise sheared and tur-
bulent wind conditions, which verifies Theorem 1. Since the
effects of the transmission zeros are eliminated, the Coleman
estimator exhibits a smoother transient response than the PIN
estimator.

V. CONCLUSION

Two novel blade effective wind speed (BEWS) estimation
schemes are proposed and an analysis is performed on the

similarities of both implementations. First, a proportional-
integral-notch (PIN) estimator is introduced, which is formed
by a negative feedback interconnection of a linear diago-
nally decoupled estimator and a nonlinear azimuth-dependent
cone coefficient. Following the same philosophy, a Coleman
estimator, which is based on the Coleman transformation, is
developed to incorporate the coupled rotor dynamics into the
estimation scheme.

Given the seeming disparities between these two estimators, it
is proven that there exists structural and performance similarities
between the PIN and the Coleman estimators. Analytical and
numerical results show the diagonal PIN and coupled Coleman
estimators exhibit similar estimation results. In particular, the
PIN estimator, which is considered as a diagonal form of
the Coleman estimator, is a simple but effective method to
estimate the BEWS. The Coleman estimator, on the other hand,
is superior in taking into account the coupled rotor dynamics
for the BEWS estimation. Since the effects of the MIMO
transmission zeros present in the PIN scheme are eliminated
by the off-diagonal terms of the Coleman estimator, the latter
mentioned shows better transient behavior compared to the
PIN estimator.

REFERENCES

[1] J. Lee and F. Zhao, “Global wind report 2021,” Global Wind Energy
Council, Brussels, Belgium, Rep., 2021. [Online]. Available: https://
gwec.net/wp-content/uploads/2021/03/GWEC-Global-Wind-Report-
2021.pdf

[2] M. N. Soltani et al., “Estimation of rotor effective wind speed: A
comparison,” IEEE Trans. Control Syst. Technol., vol. 21, no. 4,
pp. 1155–1167, Jul. 2013.

[3] R. Ortega, F. Mancilla-David, and F. Jaramillo, “A globally convergent
wind speed estimator for wind turbine systems,” Int. J. Adapt. Control
Signal Process., vol. 27, no. 5, pp. 413–425, 2013.

[4] Y. Liu, A. K. Pamososuryo, R. M. G. Ferrari, and J.-W. van Wingerden,
“The immersion and invariance wind speed estimator revisited
and new results,” IEEE Contr. Syst. Lett., vol. 6, pp. 361–366,
Apr. 2022. [Online]. Available: https://ieeexplore.ieee.org/document/
9416566?source=authoralert

[5] E. Simley and L. Pao, “Correlation between rotating LIDAR measure-
ments and blade effective wind speed,” in Proc. 51st AIAA Aerosp. Sci.
Meeting, 2013, p. 749.

[6] K. Selvam, S. Kanev, J. W. van Wingerden, T. van Engelen, and
M. Verhaegen, “Feedback–feedforward individual pitch control for wind
turbine load reduction,” Int. J. Robust Nonlinear Control, vol. 19, no. 1,
pp. 72–91, 2009.

[7] G. Goodwin, S. Graebe, and M. Salgado, Control System Design.
Englewood Cliffs, NJ, USA: Prentice-Hall, 2001.

[8] C. L. Bottasso, S. Cacciola, and J. Schreiber, “Local wind speed estima-
tion, with application to wake impingement detection,” Renew. Energy,
vol. 116, pp. 155–168, Feb. 2018.

[9] Y. Liu, A. K. Pamososuryo, R. Ferrari, T. G. Hovgaard, and
J. W. van Wingerden, “Blade effective wind speed estimation: A sub-
space predictive repetitive estimator approach,” in Proc. Eur. Control
Conf. (ECC), 2021, pp. 1–6.

[10] S. P. Mulders, A. K. Pamososuryo, G. E. Disario, and
J. W. van Wingerden, “Analysis and optimal individual pitch con-
trol decoupling by inclusion of an azimuth offset in the multiblade
coordinate transformation,” Wind Energy, vol. 22, no. 3, pp. 341–359,
2019.

[11] J. Jonkman, S. Butterfield, W. Musial, and G. Scott, “Definition of a
5MW reference wind turbine for offshore system development,” Nat.
Renew. Energy Lab., Golden, CO, USA, Rep. NREL/TP-500-38060,
2009.

[12] G. Bir, “Multi-blade coordinate transformation and its application to
wind turbine analysis,” in Proc. 46th AIAA Aerosp. Sci. Meeting Exhibit,
2008, pp. 1–15.

[13] J. M. Jonkman and M. L. Buhl, Jr., “FAST user’s guide,” Nat. Renew.
Energy Lab., Golden, CO, USA, Rep. NREL/TP-500-38230 (previously
NREL/EL-500-29798), 2005.

Authorized licensed use limited to: TU Delft Library. Downloaded on January 19,2022 at 14:34:55 UTC from IEEE Xplore.  Restrictions apply. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


